Surface plasmon polaritons (SPPs) are generated through strong interaction between electromagnetic field and free electron oscillations on a conductor surface. The free electrons respond and oscillate collectively with the electromagnetic field, and the resonant interaction between the oscillation of surface charges and electromagnetic field results in the unique light scattering and transmitting properties and generate the SP electromagnetic field[@b1]. The SPPs in general are highly trapped near the surface of the conductor in a small volume in the subwavelength range. Since their recognition in the field of surface science in the 1950s[@b2], SPP have been of wide interest in fields ranging from physics, chemistry, material science to biology. When light interacts with the metal/dielectric interface of a nanohole or nanoslit, the interference electromagnetic field can be described in terms of Bessel functions[@b3][@b4][@b5][@b6][@b7][@b8]. In particular, the SP electromagnetic field created by a subwavelength plasmonic vortex lens (PVL) exhibits a spiral phase profile of exp(*ilφ*)[@b5][@b6][@b7][@b8], where *l* is the order of the Bessel functions and *φ* is the azimuthal angle. In the center of the SP electromagnetic field, the phase becomes indeterminate or indefinite as physical quantity and both the real and imaginary parts of this field amplitude vanish which generates a singularity and vortex. The optical angular momentum per photon of SP vortices in the propagation direction z, calculated from the angular momentum operator is [@b9], therefore, the order *l* can also be called topological charge and the geometrically twisted pattern of metal/dielectric interfaces would torque the wavefront of the light and bear topological charges. The study of optical angular momentum has stimulated many applications such as particle manipulation, quantum optics, quantum information processing, high-resolution microscopy and lithography[@b9][@b10][@b11][@b12][@b13][@b14][@b15][@b16][@b17][@b18].

Similar to electrons, photons also possess spin and orbital angular momentum both of them being quantized and capable to transfer torque[@b9][@b19]. The spin angular momentum relates to light polarization and for circular polarization, each photon carries angular momentum of depending on the chirality of the polarization. The orbital angular momentum is determined by the spiral of the optical phase, also called optical vortex, which can carry quantized angular momentum of per photon, here, *j* is an integer. The spin angular momentum of a light beam is intrinsic and the orbital angular momentum is either extrinsic or intrinsic depending on whether the interaction with matter is about an axis where there is or not net transverse momentum[@b20]. The total angular momentum is conserved during transformations in linear and nonlinear optics[@b17][@b21][@b22][@b23].

Previous investigations showed that SP behavior on a metal surface is similar to light waves in two-dimensional (2D) spaces[@b24][@b25][@b26]. Thus, it is interesting to investigate whether angular momentum is conserved when the SP electromagnetic field is generated by interaction of a light beam with angular momentum and a conductor with geometrically twisted metal/dielectric interfaces. If angular momentum is conserved, the generated SP angular momentum per photon could be tuned by the light beam. This would open new possible application in quantum optics and help understand the nature of the SP\'s angular momentum. However, if the angular momentum is not conserved, residual angular momentum may be acquired by the electrons involved in the interaction which would pave the way for novel optoelectronic devices. However, up to now, the interaction between optical orbital angular momentum and twisted plasmonic nanostructure has not been investigated. Here, we demonstrate optical angular momentum conservation during the process of SP vortices generation by interaction of light beams with orbital angular momentum and geometrically twisted metal/dielectric interfaces. The results prove that the orbital angular momentum per photon of SP vortices inherits the angular momentum of light beams and twisted metal/dielectric interfaces.

Results
=======

The laser patterns with Laguerre-Gaussian (LG~0,*l*~) modes with = 0, 1, and 2 and unknown chirality were obtained by tuning the pump power of the laser diode[@b27]. The laser wavelength of 1.08 μm corresponded to a SP vortex wavelength of 1.06 μm as shown above. Focusing the laser beam on the surfaces of the PVLs as shown in [Fig. 1](#f1){ref-type="fig"}, the SP vortices can be acquired. The patterns of SP vortices obtained with *LG*~00~ mode and right-handed rotated PVLs with the geometric topological charge *m* of −4, −7 and −10 are shown in [Fig. 2 (a), (b) and (c)](#f2){ref-type="fig"}. The intensity distribution of cross sections (red line) through the centers of obtained SP patterns are presented in [Fig. 2 (d), (e) and (f)](#f2){ref-type="fig"}. The theoretical intensity distribution equals to defined in eq. 2 shown in the Discussion part and is also shown in (d), (e) and (f) (black line) of [Fig. 2](#f2){ref-type="fig"} with order and topological charge of *n* = −4, −7 and −10. Since the peaks near the centers are much stronger than the outside ones[@b26] and the relative position of peaks is determined by the orders of Bessel and Laguerre-Gaussian functions, we can find that in these figures, the relative position of experimental and theoretical peaks near the centers agrees well in principle, and by which we can determine the order of the Bessel functions and the orbital angular momentum per photon of SP vortices. The discrepancies may be generated by the imperfection of the PVLs, the dispersion of the focal lens and the sensitivity of the CCD.

Increasing the pump power of the laser diode, light beams with LG~0,*l*~ ( = 1 and 2) modes were achieved due to the increased nonlinearity including thermal focusing and Kerr effect in the gain medium which decreased the oscillating mode size in the cavity[@b26]. We found that compared to those shown in [Fig. 2](#f2){ref-type="fig"}, the topological charges *n* of obtained SPPs increased by 1 or 2 depending on the topological charge of incident light beams. As representative results, the patterns with = 1 and 2, and *m* = −4 are shown in (a) and (b) of [Fig. 3](#f3){ref-type="fig"}. The achieved experimental patterns and theoretical analysis of SP vortices with = 1 and 2, and *n* = −7 can be found in [Supplementary Information](#s1){ref-type="supplementary-material"}. The intensity distribution of cross sections (red line) through the center is presented in the in (c) and (d) of this figure with topological charges of −5 and −6. From this figure, the total angular momentum per photon of SP vortices is . The results above also indicate that the chirality of the incident LG~0,*l*~ modes is the same as the structure of the PVLs which is right-hand rotation and the signs of the topological charge of LG~0,*l*~ modes should be minus ( or −2). Therefore, the total angular momentum per photon of the SP vortices can be described with and the total angular momentum is conserved.

In order to investigate the angular momentum conservation deeply, the mirror symmetry operation for the PVLs was made by inverting the surface of PVLs. The structure of PVLs became left-handed rotation which is opposite to the incident light beams with LG~0,*l*~ modes. In this condition, the sign of the PVLs\' geometric topological charge *m* is positive, and the total topological charge is *n* = *l* + *m*. As representative results, the patterns with *l* = −1 and *m* = 10 are shown in [Fig. 4 (a)](#f4){ref-type="fig"}. The intensity distribution of cross sections (red line) through the center are presented in [Fig. 4 (b)](#f4){ref-type="fig"} of this figure with topological charges of 9. It should be noted that the results show the PVLs can also be used as an optoelectronic device for determination of the topological charge of incident light beams and the total angular momentum is conserved during the process of SPP generation.

Considering the previous results with left- and right-hand polarized light beams with respective spin angular momentum of +1 and −1 and PVLs[@b7], the results from this work indicate that similar to light waves in 2D spaces, the total angular momentum is conserved in all the entire process of SPP generation and the SP vortices should inherit the angular momentum of incident light beams and subwavelength PVLs. SP vortices have been identified to be capable to highly improve the resolution in fluorescence microscopy[@b28]. This work offers a possible choice for the high-resolution fluorescence microscopy. It can also be expected that this work would unveil the potential of SPPs in possible applications with tunable optical angular momentum per photon.

In conclusion, the optical angular momentum conservation rule is identified for optical vortex beams and PVLs with geometric topological charges. The generated angular momentum per photon of SP vortices is determined and can be tuned by the topological charge of incident vortex beams besides the geometric topological charges of PVLs. It can be expected that this work will unveil the potential of SPPs in the subwavelength region in some aspects.

Discussion
==========

Only 20 years ago, the Laguerre-Gaussian (LG~p,*l*~) laser modes which are eigen modes of a laser cavity described in cylindrical coordinates were recognized to have orbital angular momentum per photon of originating from their helical wavefront structure with phase dependence exp(*ilφ*)[@b9]. Recently, we reported the direct generation of LG~0,*l*~ modes using a pump source with doughnut shaped intensity distribution to enforce the cylindrical symmetry of the generating system[@b27]. In the scheme, the orbital angular momentum per photons can be adjusted by the nonlinearity of the medium, e.g. thermal focal or Kerr effects. In the present study of SP vortex generation, the directly generated LG~0*l*~ modes were used as incident light beam as shown in [Fig. 1](#f1){ref-type="fig"}. A polarizer was inserted between the laser and the PVL to keep the linear polarization and zero spin angular momentum per photon of light[@b9]. The wavelength of the incident laser was centered at 1.08 μm.

The incident electric field *E^in^* is the LG*~p~*~,*l*~ laser mode with linear polarization along X direction : Here, *p* and *l* are the radial and azimuthal indexes of the mode respectively, *k* is the wavenumber of light in free space, *w* is the beam waist, *z~R~* is the Rayleigh rang of the mode, and is the Laguerre polynomials. By theoretically analysis shown in [Supplementary Information](#s1){ref-type="supplementary-material"}, the corresponding z-directional field electric field of the SP vortices is mathematically represented by the *n-*th order Bessel function *J~n~(x)* and Laguerre-Gaussian function with a spiral phase profile given with a scalar equation by: With the angular momentum operator and eqs. (3) and (4), it can be found that the *LG~p~*~,*l*~ laser mode possesses the orbital angular momentum of per photon, and the generated SP vortices have orbital angular momentum of per photon which represents the twisted wavefront. Therefore, PVL can be considered possessing geometric topological charges of similar to the quasi-angular-momentum of quadratic nonlinear crystals having a geometrically twisted susceptibility pattern[@b29][@b30]. Because the Laguerre-Gaussian mode can keep its form unchanged during propagation and Bessel beam is diffraction-free and self-healing[@b9][@b31][@b32], the generated SP vortex pattern should have some special propagating properties and the optical angular momentum per photon of SP vortices can be achieved by fitting observed patterns with the Bessel and Laguerre-Gaussian functions shown in eq. (2). The intensity of observed patterns is . Analogous to left- and right-handed circularly polarized light which carries respective spin angular momentum per photon[@b14], geometric topological charges of the left-handed rotated PVLs are defined to be *m*, and those of the right-handed are −*m*.

Methods
=======

Plasmonic vortex lenses (PVLs) design
-------------------------------------

The PVLs were designed to satisfy the following equation[@b1]: for 0 ≤ φ \< 2π. Here, mod(*mφ*, 2π) represents the remainder of the division of *mφ* by 2π, *r~i~* is the inner radius defined as the distance from the center to the nearest point of the rim, the radius *r~m~(φ)* describes the rim of and interface between the gold film and quartz glass substrate with slits of 260 nm, *λ~sp~* = 1.06 μm is the SP wavelength, and is the polar unit vector. Since the transmission of the quartz glass substitute is high (about 97%) for the 1 μm light, the recoupling of SPPs and the SP vortex can be negligible. For the equation can be shown as: and the other divisions are the repeat operation on incident light of this division.

For air, the relative dielectric constant ε~air~ = 1, and for substrate, the relative dielectric constant *ε~qua~* = 3.7. The relative dielectric of Au is calculated with a Drude model[@b2]: Here, *ω* is the frequency of the incident laser frequency, and *ε*~∞~, ω~D~ and γ~D~ are the parameter set to fit empirical data for the real and imaginary part of the gold dielectric constant. For the wavelength at about 1 μm, the parameters are chosen as *ε*~∞~ = 11.4577, ω~D~ = 9.4027 eV and *γ~D~* = 0.08314 eV. The calculated gold dielectric constant at the wavelength λ~in~ of 1.08 μm is *ε~Au~* = −55.2 + *i*4.8. Using the solved Maxwell\'s equations, the frequency-dependent SP vortices wavelength is[@b3]: The wavelength for a gold-air interface is calculated λ~SP~ = 0.98λ~in~ = 1.06 μm, at which condition, the momentum mismatching Δ*k* = 0.

The detailed calculation for the design of PVLs and the designed PVLs with *m* = 4, 7 and 10 are available in [Fig. 5](#f5){ref-type="fig"}. Analogous to the right- and left-handed rotating polarized light, the PVL slit patterns correspond to right-handed rotation looking from the bottom. The generated pattern of the SP vortices was directly recorded by a charge-coupled device (CCD).
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![Experimental configuration of generated SP vortices.\
Light beams with the helical wavefront were focused on the surfaces of PVLs. The generated patterns were recorded with a CCD which was placed in a plane immediately behind the plane of the vortex lens as close as possible (z ≈ 0).](srep03191-f1){#f1}

![Experimental patterns and theoretical analysis of the SP vortices.\
(a)--(c) Experimental patterns of SP vortices using a linearly polarized LG~*00*~ mode and PVL with m = −4, −7 and −10, respectively. (d)--(f) Experimental data (red lines) of the intensity distribution through the centers of obtained SP vortex patterns corresponding the patterns (a)--(c), respectively, and the theoretical fitting (black lines) of experimental data (red lines) with respective functions shown in eq.(2) with *n* = −4, −7 and −10 and the adjusted size of the pattern.](srep03191-f2){#f2}

![Experimental patterns and theoretical analysis of the SP vortices using a PVL with m = −4.\
(a) and (b) Experimental patterns using linearly polarized LG~0,−1~ and LG~0,−2~ modes and a PVL with m = −4. (c) and (d) Experimental data (red lines) of the intensity distribution through the centers of obtained SP vortex patterns corresponding the patterns (a) and (b), respectively, and the theoretical fitting (black lines) of experimental data (red lines) with respective functions shown in eq. (2) with *n* = −5 and −6 and the adjusted size of the pattern.](srep03191-f3){#f3}

![Experimental patterns and theoretical analysis of the SP vortices using a PVL with m = 10.\
(a) Experimental patterns using linearly polarized LG~*0,−1*~ mode and a PVL with m = 10. (b) Experimental data (red lines) of the intensity distribution through the centers of obtained SP vortex patterns corresponding the patterns (a), and the theoretical fitting (black lines) of experimental data (red lines) with respective functions shown in eq. (2) with *n* = 9 and the adjusted size of the pattern.](srep03191-f4){#f4}

![Designed plasmonic vortex lenses.\
(a), (b) and (c) The theoretical curves of the gold/quartz interface with m = 4, 7 and 10, respectively, calculated with eq.3. (d), (e) and (f) The designed PVLs with m = 4, 7 and 10, respectively.](srep03191-f5){#f5}
